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1 Introduction
High temperature titanium alloys, such as IMI-834 (Ti-
6.0Al-4.0Sn-3.5Zr-0.5Mo-0.7Nb-0.35Si, wt.%), Ti-1100 
(Ti-6.0Al-2.9Sn-4.2Zr-0.39Mo-0.41Si, wt.%), BT-36 
(Ti-6.2Al-2.0Sn-3.6Zr-0.7Mo-5.0W-0.15Si, wt.%) and 
Ti60 (Ti-5.8Al-4.0Sn-3.5Zr-0.4Mo-0.4Nb-1.0Ta-0.4Si-
0.06C, wt.%), etc., have been widely used in jet engines 
and compressor discs and blades due to their high 
specific strength, high specific stiffness, low density, 
excellent high temperature properties and corrosion 
resistance [1-3]. Among them, Ti60 alloy, a novel near-α 
titanium alloy developed on the basis of IMI-834, 
has up to 600 ºC of maximum service temperature [4]. 
Compared with IMI-834 alloy, it is clear that Ti60 alloy 
contains more Si elements which can improve the creep 
performance at 600 ºC service temperature, and a small 
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amount of Ta and C elements can improve its heat 
resistance and widen (α+β) phase region. At present, 
although Ti60 alloy has attracted extensive attention, it 
is difficult to form via forging and rolling because of its 
high chemical activity and low plasticity, limiting the 
application in most fields.

Owing to near-net shape, high complexity and high 
dimension accuracy, casting is one of the promising 
manufacturing technologies which can fabricate high 
performance large, thin-walled, complex Ti60 parts [5].
However, large number of defects such as shrinkage 
porosity and shrinkage cavity will be formed as the 
result of the characteristic of high thermal conductivity 
and high expansion coefficient in Ti60 alloy during 
the solidification process, which seriously decreases 
the mechanical properties and service safety of the 
castings [6, 7]. Hot isostatic pressing (HIP) can compact 
the internal defects via high temperature and high 
pressure, which is widely used in the post-processing 
of castings to improve the mechanical properties and 
reliability, especially the fatigue properties [8]. Xu et al. [9]

investigated the effects of HIP temperature on as-cast 
Ti-6Al-4V, and suggested that defects decreased with 
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Fig. 1: Vacuum induction suspension melting and pouring (a), 
and Ti60 alloy rods (b)

the increasing of HIP temperature, and even completely closed 
above 920 ºC. The study results of Jiang et al. [10] showed that 
the porosity defects in additive manufacturing Ti60 alloy 
disappeared after HIP, and the elongation increased from 
6.5% to 12.0%. In addition, being similar to annealing, the 
microstructure and mechanical properties depended on the 
HIP processing parameters. Zhang et al. [11] found that Ti-6Al-4V 
exhibited a better balance of properties at 930 ºC of HIP temperature 
than those at 880 ºC or 1,020 ºC at the pressure 100 MPa. 
Chang et al. [12] studied the effect of HIP temperature on the 
microstructure and properties of Inconel 718 alloy, and the 
results showed that as the HIP holding temperature increased 
from 1,140 ºC to 1,260 ºC, the tensile strength decreased from 
1,116 MPa to 976 MPa, and the elongation increased from 5% 
to 24%.

HIP processing parameters, especially HIP temperature and 
pressure play an important role in castings. However, there are 
few investigations about the effect of HIP parameters on the 
internal defects, microstructure and properties of Ti60 alloy 
in the open literature. Besides, it is very important that choose 
appropriate HIP processing parameters to achieve excellent 
comprehensive properties, especially the high elongation 
guaranteeing the service safety. Therefore, in this study, 
the effect of HIP processing parameters on internal defects, 
composition uniformity, microstructure, microhardness and 
tensile properties of Ti60 alloy was studied in detail, which 
can provide theoretical basis and technical support for casting 
Ti60 alloy parts.

2 Experimental procedure
Commercially pure Ti, Al, Ta, Zr, and master alloy Al-Mo, Al-Sn, 
Al-Nb, Al-Si, were used to prepare a nominal composition of 
Ti60 alloy. The purity of these elements was tested to be higher 
than 99.5%. The Ti60 alloy samples were fabricated using a 
vacuum induction suspension melting furnace, and the melting 
parameters were chosen as melting power 150-200 kW, melting 

time 10-20 min. Before melting, the vacuum degree of the 
melting chamber should be 5×10-1 Pa, then argon was purged 
into the chamber to prevent the oxidation of the alloy during 
melting. In order to ensure composition homogeneity, Ti60 
alloy was melted repeatedly at least three times. Then, the alloy 
rods with the size of Φ20 mm×150 mm were prepared by using 
a graphite mold, as shown in Fig. 1. The composition of Ti60 
alloys was analyzed by the ICP Inductively Coupled Plasma 
Emission Spectrometer, and the composition is listed in Table 1.

The samples were HIP treated using a QIH-16 HIP furnace 
with the heating rate of 10 ºC·min-1, the pressure increasing 
rate of 1 MPa·s-1, and gaseous environment 99.998% argon 
purity. Two groups of HIP processing parameters were used 
to investigate the effects of temperature and pressure on the 
microstructure and properties of Ti60 alloy, respectively, as 
shown in Table 2. After holding for 2 h, the samples were 
cooled to below 300 ºC and then removed from the furnace.

After grinding, polishing, and etching (etching solution: 5% HF
+12% HNO3+83% H2O, volume fraction), the microstructure 
was observed via ZEISS Axio Ver. Al optical microscopy (OM) 
and ZEISS EVO MA25 scanning electron microscopy (SEM). 
The width of α-laths at different HIP process parameters 
was examined from the SEM morphology images (at least 
3 images) using Image-Pro Plus 6.0 software. The elemental 
distributions were measured by using Oxford EDS.

(a) (b)

Table 1: Composition of Ti60 titanium alloy (wt.%)

Al Sn Zr Mo Nb Ta Si Ti

5.61 3.69 3.45 0.99 0.40 0.20 0.38 Bal.

Table 2: Hot isostatic pressing process

Samples Temperature (ºC) Time (h) Pressure 
(MPa)

1 880 2 125

2 920 2 125

3 960 2 125

4 920 2 105

5 920 2 145

temperature, in which the size of the test sample is shown in 
Fig. 2. Microhardness tests were conducted on the HVS-1000 
apparatus with a load of 10 kg for 15 s, where each sample 
was tested for five times at least.

3 Results and discussion
3.1 Effect of HIP processing parameters on 

internal defects
Figure 3 shows the effect of HIP processing parameters on the 
internal defects of Ti60 alloy. It is clear that there are many 
metallurgical defects inside the Ti60 alloy in as-cast condition, 

Uniaxial tensile tests were carried out via CSS-1120 universal 
tensile testing machine with a strain rate of 1×10-3 s-1 at room 
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Fig. 3: Effect of HIP parameters on internal defects in 
Ti60 alloy rods: (a) as-cast; (b) 880 ºC/125 MPa/2 h; 
(c) 920 ºC/125 MPa/2 h; (d) 960 ºC/125 MPa/2 h; 

             (e) 920 ºC/105 MPa/2 h; (f) 920 ºC/145 MPa/2 h

Fig. 2: Schematic diagram of tensile test specimens (unit: mm)

such as shrinkage cavities. After HIP treatment, the defects 
are significantly reduced, especially when the HIP processing 
parameters are 920 ºC/125 MPa/2 h, 960 ºC/125 MPa/2 h, and 
920 ºC/145 MPa/2 h, no obvious defects are found, as shown 
in Figs. 3(c, d, f). The low temperature and pressure, 880 ºC/
125 MPa/2 h and 920 ºC/105 MPa/2 h, are unfavorable for 
the plastic deformation and element diffusion, which makes 
the cavities incompletely closed, as shown in Figs. 3(b, e). 

According to the shell model [13], the minimum applied stress 
for plastic deformation of the metal around the cavity is:

Fig. 4: SEM images of EDS: (a) 920 ºC/105 MPa/2 h; (b) 920 ºC/145 MPa/2 h

(2)

Fig. 5: Effect of HIP pressure on elemental distribution in Fig. 4: (a) 920 ºC/105 MPa/2 h; (b) 920 ºC/145 MPa/2 h

where σlim is the minimum applied stress, σy is the yield strength, 
ρ is the porosity. Therefore, when the actual applied stress 
σ satisfies: σ>σ lim, plastic deformation occurs which can 
closes the cavity. It is well-known that the yield strength will 
be reduced at high temperature, making the σlim reduced. 
Combining with high pressure, the relationship of σ>σlim is 
satisfied, so, Ti60 alloy undergoes plastic deformation in the HIP 
process which closes the cavity.

3.2 Effect of HIP pressure parameters on 
elemental distribution

Figures 4 and 5 present the effect of HIP pressure parameters 
on elemental distribution. The EDS analysis reveals that the 
fluctuation range of Zr, Al, Si, and Sn elements is larger than 
the Nb, Mo, and Ta elements at the HIP processing parameters 
of 920 ºC/105 MPa/2 h. But, at the HIP processing parameters 
of 920 ºC/145 MPa/2 h, which has a higher pressure, the 
fluctuation range of Zr, Al, Si, Sn, Nb, Mo, and Ta elements is 
smaller than at the processing parameters of lower pressure, 
suggesting that high pressure benefits to improve composition 
uniformity. Theoretically, according to Eq. (2) [14]:

where Deff is the effective diffusion coefficient, DV is the 
diffusion coefficient on the lattice, Dc is the dislocation 
channel diffusion coefficient, α is a constant, and G is the free 
energy. It is well-known that HIP can significantly increase 

(a)

(c)

(b)

(d)

(e)

(f)

(1)lim

(a) (b)
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Fig. 6: Low magnification OM images under different HIP parameters: (a) 880 ºC/125 MPa/2 h; (b) 920 ºC/125 MPa/2 h; 
(c) 960 ºC/125 MPa/2 h; (d) 920 ºC/105 MPa/2 h; (e) 920 ºC/145 MPa/2 h

Fig. 7: High magnification OM images at different HIP parameters: (a) 880 ºC/125 MPa/2 h; (b) 920 ºC/125 MPa/2 h; 
(c) 960 ºC/125 MPa/2 h; (d) 920 ºC/105 MPa/2 h; (e) 920 ºC/145 MPa/2 h

the dislocation because of applied stress, and the dislocation 
density increases with the increase of HIP pressure [14]. The 
increase of dislocation density is beneficial to increase Dc, and 
accelerate the diffusion of alloy elements leading to improved 
composition uniformity. Whether pressure promotes or hinders 
the diffusion of alloy composition is a long-debated issue. Such 
as, Coble et al. [15] proposed that diffusion could be promoted 
at high pressure. However, Nachtrieb et al. [16] believed that 
the stress increased the diffusion activation energy, reducing 
the constant factor D0 of the diffusion coefficient. Based on 
this experiment, it is suggested that HIP pressure can promote 
the alloy elements diffusion which improves composition 
uniformity.

3.3 Effect of HIP processing parameters on 
microstructure

The low magnification OM images at different HIP processing 
parameters are shown in Fig. 6. The microstructure consists of 
equiaxed prior-β grains and α-laths. Since HIP temperature is 
below β transus temperature (Tβ≈970 ºC), the grain size of β 

phase does not change significantly with the increase of the HIP 
temperature. However, with increasing HIP pressure, the prior-β 
grains size decreases slightly due to external forces. In addition, 
the shrinkage cavities can be observed at the HIP processing 
parameters of 880 ºC/125 MPa/2 h and 920 ºC/105 MPa/2 h, as 
shown in Figs. 6(a, d).

Figure 7 exhibits high magnification OM images at different 
HIP processing parameters. It shows that the microstructure 
within the prior-β grains contains grain boundary α phase (αGB) 
and Widmanstatten α-laths. Obviously, the Widmanstatten 
consists of α-laths with uneven thickness at the HIP processing 
parameters of 880 ºC/125 MPa/2 h and 920 ºC/105 MPa/2 h, 
as shown in Figs. 7(a, d), suggesting the low microstructure 
homogeneity. But with increasing HIP temperature or pressure, 
as shown in Figs. 7(b, c, e), it is clear that the microstructure 
is composed of α-laths with similar size, especially at the 
HIP processing parameters of 920 ºC/145 MPa/2 h, which 
indicates that the microstructure homogeneity is improved. It 
is evident that high pressure is more conducive to improve the 
microstructure homogeneity than high temperature.
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Figure 8 gives SEM images at different HIP processing 
parameters, and Fig. 9 displays the changes in the width of 
α-laths at different HIP processing parameters. The width 
of α-laths is increased with increasing HIP temperature, but 
increasing pressure reduces the width of α-laths. It clearly shows 
that the width of α-laths increases from 1.09 µm to 1.61 µm
with increasing HIP temperature from 880 ºC to 960 ºC in 

which HIP pressure and time are constant (125 MPa/2 h), as 
shown in Fig. 9(a). Conversely, the width of α-laths decreases 
from 1.46 µm to 0.95 µm with increasing HIP pressure from 
105 MPa to 145 MPa in which HIP temperature and time are 
constant (920 ºC/2 h), as shown in Fig. 9(b). Furthermore, it should 
be point out that the width of α-laths does not show dramatical 
variation with increasing HIP pressure from 105 MPa to 125 MPa.

Fig. 8: SEM images at different HIP parameters: (a) 880 ºC/125 MPa/2 h; (b) 920 ºC/125 MPa/2 h; (c) 960 ºC/125 MPa/2 h; 
(d) 920 ºC/105 MPa/2 h; (e) 920 ºC/145 MPa/2 h

Fig. 9: Changes in width of α-laths at different HIP parameters: (a) width of α-laths as a function of HIP 
temperature; (b) width of α-laths as a function of pressure

(a) (b)

3.4 Effect of HIP processing parameters on 
mechanical properties

The microhardness at different HIP processing parameters is 
shown in Fig. 10. With increasing HIP temperature from 880 ºC to 
960 ºC in which HIP pressure and time are constant (125 MPa/2 h), 
the microhardness decreases from 333 HV to 320 HV, as shown 
in Fig. 10(a). In addition, with increasing HIP pressure from 
105 MPa to 125 MPa in which HIP temperature and time are 
constant (920 ºC/2 h), the microhardness is similar, about 326 HV, 
but increases to 334 HV with increasing HIP pressure to
145 MPa. Apparently, the smaller pressure does not have an 
effect on the microhardness, due to the slight change of grain 
size of α and β phases.

The result of the room temperature tensile testing at different 
HIP processing parameters is presented in Fig. 11. With 
increasing HIP temperature from 880 ºC to 960 ºC in which 
HIP pressure and time are constant, it can be seen that the 

tensile strength of Ti60 alloy at room temperature decreases 
from 970 MPa to 957 MPa, the yield strength decreases from 
857 MPa to 827 MPa, and the elongation increases from 4% to 
11%, respectively. As the grain size of α phase increases from 
1.09 μm to 1.61 μm, the slip length of dislocation increases 
which reduces dislocation plugging, thereby reducing the strength 
and increasing the elongation. But the mechanical properties 
of Ti60 alloy change nonlinearly as HIP pressure increases 
from 105 MPa to 145 MPa in which HIP temperature and time 
are constant. At the HIP processing parameters of 920 ºC/
105 MPa/2 h, 920 ºC/125 MPa/2 h and 920 ºC/145 MPa/2 h, the 
tensile strength of Ti60 alloy is 967 MPa, 959 MPa and 982 MPa, 
the yield strength is 859 MPa, 842 MPa, and 861 MPa, and 
the elongation is 3%, 6%, and 5%, respectively. It can be seen 
that the strength is similar at the HIP processing parameters of 
920 ºC/105 MPa/2 h and 920 ºC/125 MPa/2 h, while the strength 
improved at the HIP processing parameters of 920 ºC/145 MPa/2 h. 
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Fig. 10: Effect of HIP parameters on Vickers hardness: (a) HIP temperature; (b) HIP pressure

(a) (b)

Fig. 12: Curves of work hardening rate of Ti60 alloy at different HIP parameters

Fig. 11: Room temperature tensile properties of Ti60 alloy at different HIP parameters

(a)

(a)

(b)

(b)

According to the Hall-Petch relation [17]:

where σy is yield strength, σ0 and k are material constants, and d 
is the average grain diameter. The Hall-Petch relation suggests 
that the yield strength increases as the prior-β grains size 
decreases. Besides, decreasing α-laths from 1.46 μm to 0.95 μm
[Fig. 9(b)] benefits to improve dislocation density, which enhance 
the strength. At the HIP processing parameters of 920 ºC/
105 MPa/2 h, internal defects lead to reduced elongation.

Figure 12 shows work-hardening rate curves of the Ti60 alloy 
at different HIP parameters. As shown in Fig. 11(a) there are 
three distinct stages in the curves for the deformed Ti60, labeled 
as A, B, and C, respectively. In Stage A, the work hardening rate 
curves sharply decreases for the HIP processing parameters of 
880 ºC/125 MPa/2 h, 920 ºC/125 MPa/2 h, 920 ºC/105 MPa/2 h,
and 920 ºC/145 MPa/2 h, as shown in Fig. 12(a), mainly due 
to alloys undergo elastoplastic transition [18-20]. Besides, in 

Stage A, all curves are nearly parallel to each other, suggesting 
that the evolutional rate of dislocation density is at the same 
level during the initial beginning of plastic deformation [21]. In 
Stage B, the work hardening rate stays at a constant level for the 
HIP processing parameters of 880 ºC/125 MPa/2 h and 920 ºC/
145 MPa/2 h, but notably increase of strain for the HIP processing 
parameters of 920 ºC/125 MPa/2 h and 920 ºC/105 MPa/2 h. 
In Stage C, the work hardening rate further decreases for the HIP 
processing parameters of 880 ºC/125 MPa/2 h, 920 ºC/125 MPa/2 h, 
920 ºC/105 MPa/2 h, and 920 ºC/145 MPa/2 h, but decreases 
slowly than those of Stage A.

For the HIP processing parameters of 960 ºC/125 MPa/2 h, 
as shown in Fig. 12(b), the work hardening capacity shows 
a small difference with other curves in Stage A, but still 
displays a beneficial effect on suppressing rapid decline of 
work hardening rate. In Stage B, the work hardening rate 
curve shows a great difference compared to those at other HIP 
processing parameters. The slope of work hardening slowly 

(3)
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decreases, indicating that the dislocation packing is relatively 
slow. Besides, in Stage C, the slope of the work hardening 
rate curves slowly decreases relative to other samples, which 
is beneficial to improve the ductility of the alloy. In general, 
a homogeneous microstructure is conducive to enhance the 
uniform deformation ability during deformation, and a coarsen 
microstructure is beneficial to weaken the dislocation packing. 
For the HIP processing parameters of 960 ºC/125 MPa/2 h,
the alloy shows a relatively homogeneous and coarsen 
microstructure (in Fig. 7), and thus gives rise to a better work 
hardening capacity and uniform deformation ability. In all, 
those indicate a better plasticity for this HIP processing 
parameter.

The work hardening ability of alloys also can be predicated 

by the strain hardening exponent n [22, 23]. The larger value of n 
indicates greater work hardening.

where n is the strain hardening exponent which suggests 
the work hardening ability, k is the strength coefficient, σ is 
the true stress, and ε is the true strain. In order to obtain the 
value of n, the lgσ=nlgε+lnk curves are given, as shown in 
Fig. 13(a). Further, the work hardening exponent (n) values 
are shown in Fig. 13(b). It is clear that the value of n is the 
maximum with the HIP processing parameters of 960 ºC/
125 MPa/2 h. A high work hardening ability can effectively 
distribute plastic deformation and delay the onset of necking, 
which result in a larger elongation.

Fig. 13: lgσ-lgε curves by the true stress and true strain (a), and work hardening exponent (n) value (b)

(a) (b)

(4)σ = kεn

3.5 Effect of HIP processing parameters on 
fracture morphology

Figure 14 gives fracture morphologies of room temperature 
tensile samples at different HIP parameters. It is obvious that 
the fracture morphologies essentially exhibit cleavage facets at 
the HIP processing parameters of 880 ºC/125 MPa/2 h, 920 ºC/
125 MPa/2 h, 920 ºC/105 MPa/2 h, and 920 ºC/145 MPa/2 h, 
as shown in Figs. 14(a, b, d, e). So, the fracture mechanism 
can be considered as cleavage fracture mode. It is well-known 
that α phase with hexagonal close-packed (HCP) structure has 
lower plasticity than the β phase with body-centered cubic (BCC) 

structure, which causes cracks to propagate along α-lath 
quickly and it is easy to form the smooth cleavage facets. 
The β phase, owing to its good plasticity, experiences drastic 
plastic deformation before rupture, and then the white tearing 
ridge is formed adjacent to the primary α phase. Therefore, 
the fracture mechanism can be identified as a mixed fracture 
mode at the HIP processing parameter of 960 ºC/125 MPa/2 h,
but the ductile fracture is the dominate due to exist of many 
dimples, as shown in Fig. 13(c). The dimples characteristics 
of the fracture morphology support the higher value of 
elongation.

Fig. 14 : Fracture morphologies of room temperature tensile at different HIP parameters: (a) 880 ºC/125 MPa/2 h; 
(b) 920 ºC/125 MPa/2 h; (c) 960 ºC/125 MPa/2 h; (d) 920 ºC/105 MPa/2 h; (e) 920 ºC/145 MPa/2 h
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4 Conclusions
In this study, the effects of HIP processing parameters, 
including temperature and pressure, on porosity, composition 
uniformity, microstructure and mechanical properties of Ti60 
alloy were studied. The following conclusions can be obtained:

(1) Increasing HIP temperature and pressure both reduce 
the number of metallurgical defects, and no obvious defects 
are found at processing parameters of 920 ºC/125 MPa/2 h, 
960 ºC/125 MPa/2 h and 920 ºC/145 MPa/2 h.

(2) Increasing HIP temperature and pressure are beneficial to 
improve the composition and microstructure uniformity.

(3) After HIP with the processing parameters of 960 ºC/125 MPa/2 h, 
the tensile strength of Ti60 alloy is 949 MPa, the yield strength 
is 827 MPa, the elongation is 11%, which exhibits the best 
match between the strength and plasticity.
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